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(57) ABSTRACT

An integrated circuit for a radio frequency (RF) circuit such
as a voltage controlled oscillator or an injection locked fre-
quency divider is provided. The integrated circuit architecture
includes a primary L.C tank circuit comprising a first inductor
and a first capacitive device connected in parallel and one or
more secondary [.C tank circuits, each comprising an induc-
tor and a capacitive device connected in parallel. Each of the
one or more secondary LC tank circuits is strongly coupled to
the primary LC tank circuit and to each other either electri-
cally, magnetically or a combination of electrically and mag-
netically.
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INTEGRATED CIRCUIT ARCHITECTURE
WITH STRONGLY COUPLED LC TANKS

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to U.S. Provisional
Patent Application No. 61/405,244, filed Oct. 21, 2010.

FIELD OF THE INVENTION

The present invention generally relates to integrated circuit
architecture including multiple LC tanks, and more particu-
larly relates to circuits such as voltage controlled oscillators
orinjection locked frequency dividers which include multiple
LC tanks.

BACKGROUND OF THE DISCLOSURE

Typically, a radio frequency (RF) communication device
includes an RF front end which, more recently, has been
enabled in a RF integrated circuit. The RF front end, conven-
tionally, has a signal source, in most cases a voltage con-
trolled oscillator (VCO), which is ubiquitous with modern
transceivers and forms an integral part of frequency synthe-
sizers or Phase Locked Loops (PLLs). The performance of
the VCO may have an effect in the overall performance of the
system if not properly designed. For example, very low phase
noise or very wide tuning range with low tuning sensitivity or
excellent flatness for power output versus frequency change
or freedom from power compression is required with low
power consumption and is critical for next generation wire-
less applications. It is often very challenging to combine all
the best performances without much tradeoff which makes
the design of such VCO very difficult.

High performance VCOs generally include a tank circuit
which is formed by the parallel combination of inductance
and capacitance and which plays an important role in all the
performance metrics. Typically wide tuning range is achieved
by varying the capacitance in the tank circuit using some kind
of switching element. Generally, however, the phase noise is
compromised with the tuning range which in turn is compro-
mised with power consumption.

In a synthesizer or a signal source, modern design tech-
niques tend to lock a high frequency output signal to a low
frequency reference using phase locked loops (PLLs). A fre-
quency divider is required to form such PLLs. Convention-
ally, an injection locked frequency divider (ILFD) having a
predetermined frequency division ratio can be designed with
low power consumption and low phase noise. However, such
typical ILFDs have a relative narrow operation frequency
range.

Thus, what is needed is an integrated circuit architecture
for RF circuits which could provide VCOs which address the
performance issues of VCOs individually, while providing an
improved oscillator circuit which can concurrently meet the
requirements of high performance. In addition, what is
needed is an ILFD which provides low power consumption
and low phase noise while providing a broadened operating
frequency range. Furthermore, other desirable features and
characteristics will become apparent from the subsequent
detailed description and the appended claims, taken in con-
junction with the accompanying drawings and this back-
ground of the disclosure.

SUMMARY

According to the Detailed Description, an integrated cir-
cuit architecture for a radio frequency (RF) circuit is pro-
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vided. The integrated circuit architecture includes a primary
and one or more secondary LC tank circuits. The one or more
secondary LC tank circuits are strongly coupled to the pri-
mary L.C tank circuit and to each other either magnetically,
electrically or a combination of magnetic and electric cou-
pling.

In addition, a voltage controlled oscillator for a radio fre-
quency (RF) circuit is provided. The voltage controlled oscil-
lator includes a primary and one or more secondary coupled
LC tank circuits. Each L.C tank circuit of the primary and one
or more secondary LC tank circuits includes an inductor and
a capacitive device connected in parallel. Between or among
the primary and one or more secondary coupled L.C tank
circuits, there exists strong electric or magnetic coupling or a
combination of electric and magnetic coupling.

Further, an injection locked frequency divider having a
predetermined frequency division ratio is provided. The
injection locked frequency divider includes a primary and one
or more secondary LC tank circuits. Each LC tank circuit of
the primary and the one or more secondary coupled LC tank
circuits includes an inductor and a capacitive device con-
nected in parallel. Each L.C tank circuit of the primary and the
one or more secondary coupled L.C tank circuits is strongly
coupled to each other for band pass filtering an input fre-
quency to generate an output frequency filtered in accordance
with the predetermined frequency division ratio.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures, where like reference numerals
refer to identical or functionally similar elements throughout
the separate views and which together with the detailed
description below are incorporated in and form part of the
specification, serve to illustrate various embodiments and to
explain various principles and advantages in accordance with
the present invention.

FIG. 1 is a circuit diagram depicting a strong magnetic
coupled LC tank circuit architecture in accordance with a
present embodiment;

FIG. 2 is a circuit diagram depicting a strong electric
coupled LC tank circuit architecture in accordance with a
present embodiment;

FIG. 3 is a circuit diagram depicting a strong magnetic and
electric coupled LC tank circuit architecture in accordance
with a present embodiment;

FIG. 4, comprising FIGS. 4A, 4B and 4C, are circuit dia-
grams of voltage controlled oscillator circuits in accordance
with another present embodiment;

FIG. 5, comprising FIGS. 5A, 5B and 5C, are circuit dia-
grams of voltage controlled oscillator circuits in accordance
with the present embodiment;

FIG. 6 is a top planar view illustrating a first two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 7 is a top planar view illustrating a second two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 8 is a top planar view illustrating a third two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 9 is a top planar view illustrating a fourth two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;
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FIG. 10 is a top planar view illustrating a fifth two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 11 is a top planar view illustrating a sixth two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 12 is a top planar view illustrating a first three metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 13 is a top planar view illustrating a second three
metal layer integrated circuit architecture of LC tanks for a
voltage controlled oscillator circuit in accordance with the
present embodiment;

FIG. 14 is atop planar view illustrating a seventh two metal
layer integrated circuit architecture of L.C tanks for a voltage
controlled oscillator circuit in accordance with the present
embodiment;

FIG. 15 is a circuit diagram depicting an injection locked
frequency divider circuit architecture in accordance with
another present embodiment;

FIG. 16, comprising FIGS. 16A and 16B, are circuit dia-
grams of two additional injection locked frequency divider
circuits in accordance with the present embodiment;

FIG. 17 is a circuit diagram depicting another injection
locked frequency divider circuit architecture in accordance
with the present embodiment; and

FIG. 18 is a top planar view illustrating a first two metal
layer integrated circuit architecture of LC tanks for an injec-
tion locked frequency divider circuit in accordance with the
present embodiment.

Skilled artisans will appreciate that elements in the figures
are illustrated for simplicity and clarity and have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements in the figures illustrating integrated
circuit architecture may be exaggerated relative to other ele-
ments to help to improve understanding of embodiments of
the present invention.

DETAILED DESCRIPTION

The following detailed description is merely exemplary in
nature and is not intended to limit the invention or the appli-
cation and uses of the invention. Furthermore, there is no
intention to be bound by any theory presented in the preced-
ing background of the invention or the following detailed
description of the invention.

The present embodiment relates to a design of a radio
frequency (RF)/Microwave/Millimeter-wave wideband volt-
age controlled oscillator (VCO) such as those intended for
use in wireless communication applications for IEEE 802
(e.g., WiFi, WiMax, LTE, and IEEE 802.11ad) and applica-
tions for other commercial and military communications
where high performance is required. High performance
VCOs generally include a tank circuit which is formed by the
parallel combination of inductance and capacitance. The
present embodiment is a design of a VCO which can achieve
quality performance with optimum tradeoff and is suitable for
today’s wireless applications. Many VCOs have been imple-
mented in integrated circuits (ICs) to address particular per-
formance parameters. In high performance VCOs the issue of
achieving wide tuning range is solved by breaking the whole
frequency range into smaller bands. One widely used tech-
nique is by using single inductor and multiple capacitors in
the tank circuit.

10

15

20

25

30

35

40

45

50

55

60

65

4

The present embodiment provides a general solution to the
problem of optimizing the performance of a wide range vari-
able frequency low noise RF/Microwave/Millimeter-wave
oscillator by identifying one performance parameter that
when optimized also essentially optimizes others. The gen-
eral solution for optimizing over wide tuning range switches
a tank circuit containing parallel combination(s) of
inductor(s) and capacitor(s). A more advantageous solution
optimally tunes the inductor(s) and capacitor(s) without a
switch through magnetic coupling, electric coupling or a
combination of both magnetic and electric coupling (hybrid),
and this tank circuit is hereafter referenced as a LC tank. The
number of LC tanks that can be coupled can be from 2 to N.

Referring to FIG. 1, a circuit diagram 100 depicts a strong
magnetic coupled LC tank array (T1) 102 in accordance with
a present embodiment. The tank circuit 102 includes a plu-
rality of LC tank circuits 104 magnetically coupled to one
another. Each of the LC tank circuits 104 includes an inductor
106 and a capacitive device 108, and the magnetic coupling is
between the inductors 106 of each of the LC tank circuits 104.
The capacitive device 108 includes one or more tunable
capacitor banks 110 as shown in (a) or (b).

Referring to FIG. 2, a circuit diagram 200 depicts a strong
electrically coupled L.C tank array (T1) 202 in accordance
with the present embodiment. The tank circuit 202 includes a
plurality of LC tank circuits 204 electrically coupled to one
another. Each of the LC tank circuits 204 includes an inductor
206 and a capacitive device 208, and the electrical coupling is
between the capacitive devices 208 of each of the LC tank
circuits 204. The capacitive devices 208 include one or more
tunable capacitor banks 210 as shown in (a) or (b).

Referring to FIG. 3, a circuit diagram 300 depicts a hybrid
coupled L.C tank array (T1) 302 in accordance with the
present embodiment. The tank circuit 302 includes a plurality
of L.C tank circuits 304 both electrically and magnetically
coupled to one another. Each of the LC tank circuits 304
includes an inductor 306 and a capacitive device 308, and the
electrical coupling is between the capacitive devices 308 of
each of the L.C tank circuits 304 while the magnetic coupling
is between the inductors 306 of each of the LC tank circuits
304. The capacitive devices 308 include one or more tunable
capacitor banks 310 as shown in (a) or (b).

FIGS. 1 to 3 depict the basic principle and operation of the
coupled L.C tank circuits 104, 204, 304. Common to all three
types of coupling, the LC tank circuits 104, 204, 304 are split
into primary and secondary. The L.C tank circuit LCT0 which
is represented with connection points 1 and 2 in FIGS. 1t0 3
is the primary LC tank circuit and all other LC tank circuits
are treated as secondary L.C tank circuits. The capacitive
device(s) 108, 208, 308 in combination with the inductors
106, 206,306 can be any combination of capacitive networks,
such as the tunable capacitor banks 110, 210, 310.

For magnetic coupling as depicted in FIG. 1, the magnetic
field generated in the primary LC tank circuit LCTO0 dueto the
current flow can be effectively coupled to N secondary L.C
tank circuits LCT1 to LCTN (N=1). For electrical coupling as
depicted in FIG. 2, the electrical coupling is by capacitor
networks 208 which are coupled to each other and repre-
sented in the pi fashion with a coupling capacitor. Hybrid
Coupling is shown in FIG. 3, were the coupling is a combi-
nation of magnetic coupling by the inductors 306 and electric
coupling by the capacitive devices 308 which can be inde-
pendent or a combination of both.

The performance of a voltage controlled oscillator (VCO)
can be greatly optimized with any of the coupling mecha-
nisms. The connection points 1 and 2 of the primary L.C tank
circuit can be connected to a VCO core replacing the single or
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differential inductor usually present in the tank circuit or
resonator. The varactor C,, 108, 208, 308 in the primary LC
tank circuit can be an analog tuning varactor in either a single
end or differential structure, and is used to lock the VCO
frequency to the output frequency when used as an integrated
solution with phase locked loops and frequency synthesizers.
In a standalone mode, the varactor is usually controlled by an
external voltage.

The inductors 106, 206, 306 in the secondary L.C tank
circuits can be from 1 to N and can be coupled to the primary
LC tank circuit of the VCO either magnetically or electrically
or in a hybrid technique. The capacitive network can be com-
mon to both the primary and the secondary L.C tank circuits.
The capacitive network could be (a) varactors connected back
to back in single or differential arrangements controlled by
programmable settings or analog tuning of individual values
or binary weighted values, or (b) capacitor(s) controlled by
switch(s) connected in single ended or differential arrange-
ments controlled by programmable settings of individual val-
ues or binary weighted values, or (¢) any combination of (a) or
(b) with analog tuning varactors, or (d) any combination of
(a), (b) or (c) with either passive or active fixed capacitors
coupled in series or parallel or any other combination. For the
secondary L.C tank circuits, the function of the varactors can
be interchangeable between coarse and fine tuning with a
variation of bias in the secondary L.C tank circuits. These
varactors in combination with the LC tank circuits act to shift
the VCO frequency up or down in the vicinity of an operation
frequency without a switch.

The possible connections of capacitive network compo-
nents in either the primary LC tank circuits or the secondary
LC tank circuits can be the varactor(s) or capacitor(s) con-
trolled by switch(s) 110, 210, 310 as shown in FIGS. 1 to 3
((a) or (b)) coupled back to back in single or in differential
structures and controlled by programmable settings or analog
tuning of individual values or binary weighted values. The
number of varactors or capacitor(s) can be single or multiple
(Cqo to Cg,p) coupled back to back in digital fashion with
input digital control being coupled to the common node in the
case of varactors and being coupled to the switch in the case
of capacitor(s) controlled by switch(s). The number of bits is
limited by the performance parameter chosen and the desired
application (as shown in 110, 210, 310).

In addition to varactors Cg, to Cg,, being controlled in a
digital manner as described in the schemes hereinabove, the
varactor Cg, connected back to back in a single or a differen-
tial arrangement can be controlled by analog voltage Vctrl,.
Analog voltage Vctrl, can be a predetermined voltage or can
be coupled together with the Vctrl of the primary tuning
varactor to further extend the frequency tuning range of the
VCO. Capacitor C is used to enhance the operation fre-
quency shifting and phase noise performance of the VCO,
since the capacitor typically has a much higher quality factor
than the varactors.

The amount of performance parameters is determined by
the strength of the coupling between the primary L.C tank
circuit and the N secondary L.C tank circuits (N=1). The
coupling can also improve the quality of the L.C tank circuit,
a factor which is important in maintaining a low phase noise
along with high tunability. The widest tuning range achiev-
able can also be controlled by the number of capacitive tuning
elements coupled in the L.C tank array, which is based on the
desired application and other performance parameters.

The proposed structures are part of RF/Microwave/Milli-
meter-wave circuits for frequency generation. Such fre-
quency generation sources usually consist of a VCO with a
narrow or moderate tuning range and with optimum phase

10

15

20

25

30

35

40

45

50

55

60

65

6

noise and a single L.C tank for frequency tuning. Wideband
tuning in accordance with the present embodiment(s) is
achieved by magnetic or electric or hybrid coupling between
different L.C tanks without any switch. Frequency generation
sources in accordance with the present embodiment(s) can be
utilized in the design of millimeter-wave wideband injection
locked frequency dividers intended for use in wireless com-
munication applications.

Typically at RF/Microwave/millimeter-wave frequencies,
dividers (divide by 2, 3, 4, 5 and so on) are implemented using
injection locked techniques for the first and following stages
to reduce power consumption. These dividers typically
include a tank circuit comprised of inductors and capacitors
which acts as a band pass filter at the desired output frequency
in accordance with the division ratio used. Tank circuits
formed by the parallel combination of inductance and capaci-
tance play an important role in defining the locking range of
these dividers. Typically, a wide locking range is constrained
by the input power and the tuning range of the ILFD in
free-running mode. Thus, a wide tuning range is generally
achieved by varying the capacitance of the tank circuit using
some kind of switching element. The L.C tank circuits of
FIGS. 1 to 3 particularly relate to design of an ILFD which
can achieve a wider locking range by increasing the range of
the ILFD’s free running mode for best performance with
optimum tradeoff, and is particularly suitable for next gen-
eration wireless applications.

Referring to FIGS. 4A, 4B and 4C, three bipolar VCOs
400, 402, 404 using the strongly coupled LC tanks (T1) of
FIGS. 1 to 3 are illustrated. In FIGS. 4A, 4B and 4C, T1 can
be magnetic or electric or hybrid coupled LC tank circuits as
presented in FIGS. 1 to 3, respectively. Nodes 1 and 2 are the
main connection nodes for T1 to other portion of VCO. The
strongly coupled L.C tank circuits can be used in any of the
VCOs 400, 402, 404.

The VCO 400 uses a Colpitts architecture with a common
collector configuration. The proposed LC tank circuits T1,
incorporating the capacitor C, and the varactor C,,,, would
comprise the VCO core resonator of the VCO 400. The VCO
402 has the same architecture as the VCO 400 with additional
PNP transistors Q; and Q,. The VCO 404 adds an additional
base-collector decoupling capacitor C,,. The current sources
in the VCOs 400, 402, 404 can be any type or current source
and can also be a resistor in series or parallel or any combi-
nation thereof. The strongly coupled L.C tank circuits of
FIGS. 1 to 3 can be used to advantage in many of the current
VCO architectures and, as such, the use of the strongly
coupled LC tank circuits of FIGS. 1 to 3 is not limited to the
VCOs 400, 402, 404.

FIGS. 5A, 5B and 5C, are circuit diagrams 500, 502 and
504 of CMOS voltage controlled oscillator circuits in accor-
dance with the present embodiment using the strongly
coupled L.C tanks of FIGS. 1 to 3. In the circuit diagrams 500,
502,504, T1 can be magnetic or electric or hybrid coupled LC
tanks as discussed in FIGS. 1 to 3, respectively. As in FIGS.
4A, 4B and 4C, nodes 1 and 2 are the main connection nodes
for T1 to other portion of VCO.

The strongly coupled L.C tank circuits can be used in the
CMOS VCO 500 with a cross-coupled NMOS transistor pair.
Inthe CMOS VCO 502, the strongly coupled LC tank circuits
can be used with a cross-coupled PMOS transistor pair. And
in the CMOS VCO 504, the strongly coupled LC tank circuits
can be used with a compensated cross-coupled NMOS tran-
sistor pair and PMOS transistor pair. All three VCOs 500,
502, 504 use a PMOS current source. The strongly coupled
LC tank circuits of FIGS. 1 to 3 can also be used in CMOS
VCOs with a NMOS current source. The current sources
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(PMOS or NMOS) may be programmable or not program-
mable; they can also be replaced by a resistor in series or
parallel or any combination thereof. The strongly coupled LC
tank circuits of FIGS. 1 to 3 can also be used in most current
VCO architectures, and thus are not limited to the CMOS
implementations of the VCOs 500,502,504 shown in FIG. 5.

FIG. 6 is a top planar view 600 illustrating a first two metal
layer integrated circuit architecture of strongly magnetic
coupled LC tank circuits for a voltage controlled oscillator
circuit in accordance with the present embodiment. The outer
coil 602 incorporates bottom tuning varactors and a varactor
bank for the primary L.C tank circuit. The tuning varactor is
controlled by Vctrl. The varactor bank is controlled by Bit<1>
to Bit<n> (where n is integer). The inner coil 604 includes top
tuning varactors acting as secondary L.C tank circuits. The top
tuning varactors are controlled by Vetrl2. Vetrl2 can be a
predetermined voltage; in addition, Vctrl2 can be connected
together with Vctrl of the primary tuning varactor. The sec-
ondary LC tank circuits can have other forms as defined by the
rotation through any angle of 6 (i.e., from 0 to 2 and with no
overlap with the primary coil). Further, the inductor shape is
not limited to an octagonal shape—it can also be in the form
of a rectangular, a circle or a hexagon. The strongly coupled
LC tank circuits are not limited to two tank circuits. The
inductors of the secondary or tertiary or N L.C tank circuits
can have forms of inner coils, outer coils, bottom coils, and/or
top coils or any combination thereof when formed by stacked
metal layers.

FIG. 7 is a top planar view 700 illustrating a second two
metal layer integrated circuit architecture of magnetic
coupled LC tank circuits for a voltage controlled oscillator
circuit in accordance with the present embodiment. The coils
are in the form of circles. The secondary L.C tank circuit
rotates 7t/2. It can also have other forms, rotating with any
angle of 6 from zero to 2w. The control signal illustration is
the same as FIG. 6.

FIG. 8 is a top planar view 800 illustrating a third two metal
layer integrated circuit architecture of strongly magnetic
coupled LC tank circuits for a voltage controlled oscillator
circuit in accordance with the present embodiment. The outer
coil includes the top tuning varactor acting as the secondary
LC tank. The control signal illustration is also the same as
FIG. 6.

FIG. 9 is a top planar view 900 illustrating a fourth two
metal layer integrated circuit architecture of strongly mag-
netic coupled LC tanks for a voltage controlled oscillator
circuit in accordance with the present embodiment. The inner
coil includes a right-side tuning varactor acting as the sec-
ondary L.C tank. The outer coil includes a left-side tuning
varactor acting as another secondary L.C tank. The control
signal illustration is also the same as FIG. 6.

FIG. 10 is a top planar view 1000 illustrating a fitth two
metal layer integrated circuit architecture of strongly mag-
netic coupled LC tank circuits for a voltage controlled oscil-
lator circuit in accordance with the present embodiment. The
top planar view 1000 has one more floating inner coil than
FIG. 9. The floating inner coils are not limited to one. In
addition, they can be in the form of outer floating coils or any
stacked metal layer coils.

Referring to FIG. 11, a top planar view 1100 illustrates a
sixth two metal layer integrated circuit architecture of
strongly magnetic coupled LC tank circuits for a voltage
controlled oscillator circuit in accordance with the present
embodiment. The two inductors are in the form of stacked
metal coils. The bottom metal coil includes the up-side tuning
varactor acting as the secondary LC tank. The control signal
illustration is also the same as FIG. 6.
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FIG. 12 is a top planar view 1200 illustrating a three metal
layer integrated circuit architecture of strongly magnetic
coupled L.C tank circuits for a voltage controlled oscillator in
accordance with the present embodiment. The three inductors
are in the form of stacked metal coils. The bottom metal coil
includes a right-side tuning varactor acting as the secondary
LCtank. Another secondary L.C tank is formed by a top metal
coil and a left-side tuning varactor. The primary inductor is a
second top metal coil. It will be recognized by those skilled in
the art that the stacked metal layers are not limited to three.
The control signal illustration is also the same as FIG. 6.

FIG. 13 is atop planar view 1300 illustrating a second three
metal layer integrated circuit architecture of strongly mag-
netic coupled LC tank circuits for a voltage controlled oscil-
lator in accordance with the present embodiment. The L.C
tank circuits are a combination of stacked metal layer induc-
tors and inner/outer coils. The inner/outer coils can also have
the form of stacked metal layers or any metal layers. The
inner/outer coils are also not limited to one coil. Besides the
primary coil, all the other coils can be used as coupled LC
tanks incorporating varactors, and some of them can be float-
ing.

Referring to FIG. 14, a top planar view 1400 illustrates a
seventh two metal layer integrated circuit architecture of
hybrid coupled LC tank circuits for a voltage controlled oscil-
lator in accordance with the present embodiment. Besides the
magnetic coupling as illustrated in FIG. 6, there is additional
electric coupling introduced by capacitor C_,,,,,.- The capaci-
tor C,,,,,z. can be one or more of fixed capacitors, variable
capacitors, switchable capacitors, or any combination of
fixed, variable and switchable capacitors. The control signal
illustration is the same as FIG. 6. The secondary L.C tank
circuit(s) can have other forms, rotating with any angle of 6
from 0 to 2z with no overlap with the primary coil. The
inductor shape is not limited to octagonal as it can be in the
form of a rectangle, a circle, a hexagon or any other geometric
shape. The strongly coupled L.C tank circuits are not limited
to two tank circuits. The inductors of the secondary or tertiary
or N LC tank circuit can have forms of inner coils, outer coils,
bottom/top coils when in the form of stacked metals, or any
combination thereof. FIG. 15 is a circuit diagram 1500
depicting an injection locked frequency divider (ILFD) cir-
cuit architecture in accordance with another present embodi-
ment. The ILFD in the circuit diagram 1500 utilizes a novel
technique for improving the locking range of the ILFDs.
Some general solutions to the problem of optimizing the
locking range of an ILFD is to decrease the quality factor (Q)
of a tank circuit of a bandpass filter (BPF) of the ILFD,
increase the injection efficiency, increase the range of a free
running ILFD by varying the capacitance associated with the
tank circuit, or in some cases by varying the inductors using a
switch.

A more optimized solution as presented in the alternate
embodiment of FIGS. 15 to 17, is to optimally tune the induc-
tor and capacitor of the tank circuit(s) without a switch and,
instead, through magnetic or electric coupling or both (hybrid
coupling) in LC tank circuits. The number of LC tank circuits
that can be coupled in the BPF can be from 2 to N, where N is
synonymous with the division ratio (e.g., 2, 3, 4, 5) of the
ILFD. The BPF is operates as a band pass filter operation, and
such operation is achieved by a L.C tank circuit in a circuit
level implementation in accordance with the present embodi-
ment as disclosed in any of FIGS. 1 to 3.

Referring to FIG. 16, comprising FIGS. 16A and 16B,
circuit diagrams 1600 of two additional injection locked fre-
quency divider circuits in accordance with the present
embodiment are depicted. FIGS. 16A and 16B show two
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possible implementations of ILFDs. The injector can be of a
single or a multiple transistor type with any possible combi-
nations placed in the above location. The region of interest is
the implementation of the tank circuit as marked in 1600 and
not the actual implementations of the ILFDs.

FIG. 17 is a circuit diagram 1700 depicting another injec-
tion locked frequency divider circuit architecture in accor-
dance with the present embodiment. The circuit diagram
1700 shows an implementation of an ILFD in CMOS comple-
mentary MOSFET architecture using the strongly coupled
LC tanks as illustrated in FIG. 1, 2 or 3. In the circuit diagram
1700, T1 can be magnetic or electric or hybrid coupled LC
tanks and nodes 1 and 2 are the main connection nodes for T1
and other portion of the ILFD. The strongly coupled L.C tanks
of FIGS. 1 to 3 can be used in any ILFD which has a tank
circuit made of an inductor and capacitor(s).

FIG. 18 is a top planar view 1800 illustrating a first two
metal layer integrated circuit architecture of LC tanks for an
injection locked frequency divider circuit in accordance with
the present embodiment.

Thus it can be seen that an integrated circuit architecture
for RF circuits which provides VCOs which address the per-
formance issues of VCOs individually while providing an
improved oscillator circuit which can concurrently meet the
requirements ofhigh performance has been provided. In addi-
tion, the integrated circuit architecture for RF circuits also
provides ILFDs with broadened operating frequency ranges
while maintaining the low phase noise and low power con-
sumption of conventional ILFDs. While several exemplary
embodiments have been presented in the foregoing detailed
description of the invention, it should be appreciated that a
vast number of variations exist.

It should further be appreciated that the exemplary embodi-
ment or exemplary embodiments are only examples, and are
not intended to limit the scope, applicability, dimensions, or
configuration of the invention in any way. Rather, the forego-
ing detailed description will provide those skilled in the art
with a convenient road map for implementing an exemplary
embodiment of the invention, it being understood that various
changes may be made in the function and arrangement of
elements and operation of the circuitry described in an exem-
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plary embodiment without departing from the scope of the
invention as set forth in the appended claims.
What is claimed is:
1. An injection locked frequency divider having a prede-
termined frequency division ratio and comprising:
a primary LC tank circuit comprising a first inductor (L)
and a first capacitive device (C) coupled in parallel; and

one or more secondary L.C tank circuits, each comprising
an inductor (L) and a capacitive device (C) coupled in
parallel, wherein each of the one or more secondary L.C
tank circuits is coupled to the primary LC tank circuit for
band pass filtering an input frequency to generate an
output frequency filtered in accordance with the prede-
termined frequency division ratio;
wherein the predetermined frequency division ratio is
based on a quantity of secondary LC tank circuits;

wherein the injection locked frequency divider is tunable
through at least one of magnetic or electric coupling
between the primary L.C tank circuit and the one or more
secondary L.C tank circuits.

2. The injection locked frequency divider in accordance
with claim 1 wherein each of the one or more secondary LC
tank circuits is electrically coupled to the primary LC tank.

3. The injection locked frequency divider in accordance
with claim 1 wherein each of the one or more secondary LC
tank circuits is magnetically coupled to the primary LC tank.

4. The injection locked frequency divider in accordance
with claim 1 wherein each of the one or more secondary LC
tank circuits is both electrically and magnetically coupled to
the primary LC tank.

5. The injection locked frequency divider in accordance
with claim 1 wherein the one or more secondary L.C tank
circuits comprises two or more LC tank circuits, and wherein
each of the two or more secondary L.C tank circuits is coupled
to each other and coupled to the primary LC tank circuit.

6. The injection locked frequency divider in accordance
with claim 1 wherein said capacitive device of each of the LC
tank circuits, including said primary L.C tank and said one or
more secondary L.C tank circuits, comprises one or more
tunable capacitor banks.
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